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Introduction
Respiratory syncytial virus (RSV) is a major cause of respiratory disease worldwide. Nearly all infants have been infected by RSV by the age of 2 years. Infants and adults remain susceptible every year to RSV infections with genetically related viruses or identical virus strains [1] . The high rate of reinfections by RSV results in a significant burden on health care in infants and elderly [2] . Interferon gamma (IFN-γ) and T cells are essential to mount an adequate immune response during RSV infections in newborn and adult mice [3] [4] [5] . This suggests an important role for IFN-γ in the clearance of primary infections as well as in reinfections [4, 6] . Inhibition or inadequate activation of T cells resulting in lower secretion of IFN-γ may explain this high rate of reinfections [7, 8] .
Monocytes and T cells are both recruited to the site of RSV infection and the role of monocytes in the pathogenesis of RSV infections has been appreciated for decades [9] [10] [11] [12] [13] [14] [15] . RSV increases the expression of major histocompatibility complex (MHC) molecules on monocytes, activates CD4 + T cells and induces the production of IFN-γ by human immune cells In vitro [15] . It is unknown whether monocytes exert a regulatory role on effector T cell function via cell-cell interaction and thus regulate the production of IFN-γ. In this study, we used an unbiased approach to select membrane-bound receptors on monocytes that are induced during RSV infection in infants and could play a role in cell-cell interactions with T cells. We selected acid-binding immunoglobulin-type lectin 1 (Siglec-1) and monitored the induction of Siglec-1 on monocytes after exposure of newborn and adult immune cells to RSV In vitro. In addition, we determined the role of Siglec-1 during RSV-induced release of IFN-γ by T cells in newborns and adults and investigated the expression of CD43, as the natural ligand for Siglec-1, on newborn and adult T cells.
Results

Induction of Siglec-1 expression during RSV infection
We first compared whole blood gene expression levels from RSVinfected infants with healthy infants to select genes that are upregulated during RSV infection in vivo. Fifteen genes were upregulated during in vivo RSV infection using a cut-off value of 4-fold difference (Table 1) . We next compared In vitro gene expression levels of unstimulated adult PBMCs versus RSV-stimulated adult PBMCs. More than four hundred genes were upregulated in adult PBMCs during In vitro RSV infection using a cut-off value of 4-fold difference (Fig. 1A) . Seven genes were upregulated in both the analysis derived from RSV-infected infants and the analysis derived from RSV-stimulated PBMCs: C19ORF59, IFI27, IFI44L,  IFI1, IFI6 , OASL, RSAD2 and SIGLEC1 (Table 1 ; Fig. 1B ). Via this approach, we combined transcriptome analyses from RSV-infected infants with In vitro RSV-stimulated adult PBMCs and identified potential genes that could be involved in the cell-cell interaction between monocytes and T cells. SIGLEC1 was the only gene that has been implicated in direct cell-cell contact with T cells [16] and was therefore selected as our gene of interest for further investigation. We observed a correlation between the RSV titer in the nasopharyngeal aspirate of RSV-infected infants and expression of Siglec-1 (Fig. 1C) . The expression of Siglec-1 was higher in infants during the acute phase of infection compared to infants in the recovery phase, which suggests a temporal induction of Siglec-1 during RSV infection (Fig. 1D) . Eight children provided a blood sample during the acute phase and the recovery phase. From these eight individuals, paired analysis showed a reduction of Siglec-1 expression in all cases (data not shown).
RSV induces Siglec-1 on monocytes
We employed newborn CBMCs and adult PBMCs to investigate the induction of Siglec-1 by RSV In vitro. We observed an increase of Siglec-1 + cells only in the CD14 + fraction that consists of monocytes ( Fig. 2A, representative figure) . The RSV-induced increase of Siglec-1 + monocytes was observed in newborn and adult (Fig. 2B) . Only a small percentage of newborn and adult CD14
− cells expressed Siglec-1 which did not increase after exposure to RSV ( Fig. 2A, representative figure) . The increase in frequency of Siglec-1 positive monocytes when stimulating purified adult monocytes with RSV suggests a direct effect of RSV on monocytes (Fig. 2C ). In addition, we showed that RSV increased the Table 1 . Upregulation of gene expression in whole blood from RSV-infected infants. Median gene expression levels in whole blood from RSV-infected infants (N = 40) (row 1) and healthy controls (N = 14) (row 2) are depicted. Difference in gene expression was calculated as followed: (median gene expression level RSV-infected infants) -(median gene expression level healthy controls) (row 3). Differences in gene expression were log 2 -transformed and genes with ࣙ 4-fold difference between RSV-infected infants and healthy controls are depicted (row 4) quantitative expression of Siglec-1 on newborn and adult CD14 + monocytes determined by mean fluorescence intensity (Fig. 2D ).
RSV-induced IFN-γ is delayed in newborns and dependent on CD4 + T cells
During RSV infection, IFN-γ is an important cytokine that can be produced by T cells. Newborn CBMCs are naïve and devoid of RSV-specific memory T cells whereas adults contain RSV-specific memory T cells [17] . Significant amounts of IFN-γ were measured in the supernatant of adult MCs two days after exposure to RSV, whereas IFN-γ was not detectable in supernatants from newborn MCs (Fig. 3A) . However, RSV induced IFN-γ release by newborn MCs after an incubation period of 5 days was comparable to the induction of IFN-γ in adults after 5 days ( newborn and adult MCs (Fig. 3D) . No reduction of RSV-induced IFN-γ release was observed after depletion of CD8 + cells and CD56 + cells (Fig. 3D ).
RSV-induced Siglec-1 inhibits IFN-γ release by adult T cells but not by T cells from newborns
Siglec-1 is the only siglec without a signaling motifs which suggests a mode of action via cell-cell interaction [18] . To investigate cell-cell interactions between monocytes and T cells, we used monoclonal blocking antibodies against Siglec-1 to determine the effect of Siglec-1 on the release of IFN-γ by CD4 + T cells. Exposure of
MCs to the blocking antibodies alone did not induce IFN-γ in newborns or adults (data not shown). Blocking Siglec-1 did not affect the percentage of RSV-infected adult monocytes or the amount of replication in adult monocytes as depicted by mean fluorescence intensity ( Fig. 4A-B) . Blocking of Siglec-1 did not affect RSVinduced IFN-γ release by T cells from newborn MCs (Fig. 4C ), but, in contrast to newborns, blocking Siglec-1 significantly increases the RSV-induced IFN-γ release by adult MCs (Fig. 4D ). To determine whether the inhibitory effect of Siglec-1 in adult PBMCs was due to the presence of memory CD4 + T cells, adult PBMCs were 
Low CD43 expression on newborn and adult naïve CD4 + T cells
Our data showed that despite comparable induction of Siglec-1 expression in newborn and adult monocytes, Siglec-1 inhibited IFN-γ by adult T cells in the presence of memory CD4+ T cells. Siglec-1 is a sialic-acid binding receptor and CD43 is a highly sialylated receptor on T cells that acts as a natural ligand for Siglec-1. We hypothesized that CD43 may be differentially expressed on newborn,, adult naïve and adult memory T cells that would explain the inhibitory effect of Siglec-1 only when adult memory CD4 + T cells are present. The expression of CD43 was higher on adult CD4 + T cells compared to newborns (Fig. 5A-B) . Additionally, we investigated the expression of CD43 on the major subsets of CD4 + T cells, being naïve, central memory, effector memory and terminally differentiated CD4 + T cells (Fig. 5A ). Adult CD4 + T cells consisted of all the measured subsets of CD4 + T cells, whereas, as expected, newborn effector memory (average of 0.019%) and terminally differentiated CD4 + T cells (average of 0.006%) were barely detected (Fig. 5A ). CD43 expression on newborn naïve and newborn central memory CD4 + T cells was significantly lower compared to adults (Fig. 5C ). Adult effector memory and terminally differentiated CD4 + T cells contained a higher expression of CD43 compared to adult naïve CD4 + T cells (Fig. 5D ).
Discussion
We demonstrate for the first time that (a) Siglec-1 is upregulated after RSV infections in vivo and In vitro on newborn and adult monocytes, (b) the RSV-induced production of IFN-γ is dependent on CD4 + T cells in both adults and newborns but delayed in newborns, and (c) Siglec-1 inhibits the RSV-induced IFN-γ release by adult T cells whereas the production of IFN-γ by newborn T cells is not affected by Siglec-1. Finally, we show that (d) the expression of CD43, the natural ligand for Siglec-1, is lower on newborn CD4 + T cells compared to adult CD4 + T cells.
In this study, a micro-array data base was used to identify Siglec-1 as a clinically relevant monocytes receptor. Our microarray data also showed that a considerable number of genes are downregulated in adult PBMCs following RSV exposure. However, none of these genes were significantly downregulated in vivo in whole blood from RSV-infected infants (data not shown). Upregulation of Siglec-1 on monocytes has been observed in patients with atherosclerosis, systemic sclerosis, rheumatoid arthritis, systemic lupus erythematous and human immunodeficiency virus infections [19] [20] [21] [22] [23] . The common denominator in these studies appears to be type I interferons (IFNs). Our study showed an upregulation of multiple interferon regulated genes in whole blood from infants with RSV infection indicating that the induction of Siglec-1 during RSV infection could be dependent on type I IFNs. Human experimental RSV infection models in adults have been performed [24] and could be used to confirm our results derived from RSV-infected infants. Whole blood gene expression may not accurately reflect the inflammatory response at the site of infection but rather reflect inflammation in general. Therefore, we determined the In vitro expression of Siglec-1 on monocytes after exposure of PBMCs to RSV directly. In addition, we measured the expression of Siglec-1 after exposure of PBMCs to lipopolysaccharide (LPS), a bacterial ligand, and we observed no increase of Siglec-1 expression after exposure to LPS (data not shown). These data are in line with previous literature [19] and suggest that the induction of Siglec-1 on monocytes may be interferon-or viral-specific rather than an induction due to inflammation in general. We decided to use adult PBMCs to evaluate the upregulation of Siglec-1 in adults, because this model would allow us to compare mononuclear cells form newborns and adults In vitro and investigate Siglec-1-dependent immune signaling. The comparable RSV-induced expression of Siglec-1 on newborn and adult monocytes suggests a viral-induced pathway that is already functional at birth. RSV-induced expression of Siglec-1 may be present on recruited monocytes and/or resident macrophages to regulate T cell functionality at the site of infection [9] .
The functionality of Siglec-1 during viral infection differs between viruses. Siglec-1 has been implicated in cell entry of human immunodeficiency virus (HIV). Sialoglycans are present on the gp120 envelope of HIV and mediate cell entry via Siglec-1. Little is known about cellular receptors for RSV and nucleolin has been proposed as an important receptor for RSV fusion protein to allow cell entry of epithelial cells [25] . Our data indicate that Siglec-1 is not required for RSV infection of monocytes. 
In general, newborn CD4
+ T cells produce low amounts of IFN-γ compared to adults [26] . We show that newborn CD4 + T cells are capable of producing comparable levels of IFN-γ compared to adults but in a delayed fashion compared to adults. The formation of IFN-γ-producing cells upon RSV infection in newborn mice is also delayed and may underlie the susceptibility of young infants to severe RSV infections in vivo [3] . We propose that RSV-specific IFN-γ-producing memory T cells in adults rapidly produce IFN-γ In vitro, whereas IFN-γ production by newborn naïve T cells newborns is delayed. In our assay, depletion of CD4 + T cells reduced the production of IFN-γ by CBMC and PBMC upon exposure to RSV, whereas depletion of CD8 The expression of Siglec-1 is comparable between newborn and adult monocytes. The expression of Siglec-1 can, therefore, not explain the differences in Siglec-1-dependent signaling between newborns and adult T cells. Siglec-1 is the only siglec without a signaling motifs which suggests a mode of action via cell-cell interaction [18] . A major difference between newborn and adult T cells is the high percentage of memory CD4 + T cells in adult PBMCs.
Our data indicate that the presence of memory CD4 + T cells is required for Siglec-1 to have an inhibitory effect on RSV-induced IFN-γ release. CD43 is a highly sialylated receptor on T cells and has been identified as the major receptor for Siglec-1 [27] . T cells from mice lacking CD43 are able to bind Siglec-1, which suggests that in mice another receptor may also be involved [28] . However, in humans only human CD43 has been proposed as the main receptor for Siglec-1 [27] . We show that the expression of CD43 is lower on newborn naïve CD4 + T cells compared to adult naïve [16, 21, 32] . Future research to investigate the cell-cell interaction between monocytes, DCs, macrophages and T cells would enhance our understanding of the regulatory role of antigen-presenting cells during RSV infection.
In vivo, Siglec-1-deficient mice have an enhanced T cell response to exosomal antigens indicating an inhibitory Siglec-1-dependent pathway in mice [33] . Infection of Siglec-1-deficient mice with RSV may give more insight into the role of Siglec-1 during RSV infection in vivo.
In conclusion, this study identified a regulatory pathway during RSV infection that involves Siglec-1, monocytes and T cells. Our data show a delayed kinetic of RSV-induced IFN-γ by newborn CD4 + T cells compared to adult CD4 + T cells and an inhibitory role of Siglec-1 on the production of IFN-γ in adults. Insights into the distinct Siglec-1-dependent inhibition of IFN-γ by RSV in adults compared to newborns and the low expression of CD43 in newborns will provide a better understanding of the antiviral immune response against RSV directly after birth compared to adults.
Materials and methods
Transcriptome analysis of whole blood from RSV-infected infants and RSV-stimulated PBMCs
Our group has published whole blood gene expression of RSVinfected infants and healthy control infants. The methods are described by Jong et al. [34] and the microarray data was deposited in the ArrayExpress database under the access number E-MTAB-5195.Ìn addition, we previously published a microarray database regarding PBMCs from healthy adults that are untreated or stimulated with RSV. The methods have been described by our group previously [35] and this microarray data has been deposited in the NCBI Gene Expression Omnibus (GEO) database under GEO Series accession number (GSE59391) [35] . We combined these two microarray databases for the current study. To first select clinically relevant genes, we used a cut-off value of 4-fold difference between RSV-infected infants and healthy controls in the whole blood transcriptome analyses. A similar cut-off value of 4-fold difference was used for the microarray data published by Vissers et al. [35] to identify genes that are upregulated In vitro upon exposure of adult PBMCs to RSV. We then determined which genes were upregulated in both microarray analyses, being upregulated genes derived from whole blood from RSV-infected infants and upregulated genes derived from In vitro RSV-stimulated adult PBMCs, to identify clinically relevant genes that could be investigated in our model of PBMCs. Written informed consent was obtained from all donors or from all parents of patients. The study was approved by the Regional Committee on Research involving Human Subjects Arnhem-Nijmegen.
Virus culture
Green fluorescent protein (GFP)-labeled RSV A2 (rgRSV30), kindly provided by Dr. M.E. Peeples, was cultured as previously described [35] .
Cell isolation and stimulation
Human newborn cord blood was collected from the umbilical cord after Cesarean section. Premature births and births to HIV-positive mothers were excluded. Peripheral blood was collected from healthy adult volunteers. 
Flow cytometry
To analyse expression of surface markers, MCs were incubated with fluorochrome-labeled monoclonal antibodies for 30 min in the dark on ice and fluorescence intensity was measured using a LSR II flow cytometer (BD Biosciences). CD3 V500, CD3 Alexa Fluor 647, CD4 PerCP-Cy5.5, CD8 APC-H7, CD14 V500, CD14 PeCy7, CD27 BV510, CD43 FITC, CD45RA PeCy-7, CD56 BV510 (BD Biosciences) and Siglec-1 Alexa Fluor 647 (Sanbio) were used. Relative mean intensity fluorescence (MFI) of CD43 was calculated as follows: MFI stained/MFI unstained. GFP fluorescence was used to determine replication of (GFP)-labeled RSV.
Cytokine release
IFN-γ concentrations were measured in culture supernatants by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (Sanquin, Amsterdam, The Netherlands). The detection limit was 19 pg/mL. All conditions were measured in duplicate. 
Statistical analysis
